We used the oxygen sensitivity of the histochemical reaction to detect glucose-6-phosphate dehydrogenase (G6PDH) acavity based on neoteaazolium (NT) reduction to discrimina te cancer cells from normal cells. Formazan generation was strongly reduced in normal but not in malignant cells when the incubation was performed in oxygen instead of nitrogen. Competition for reductive equivalents between NT and oxygen via superoxide dismutase (SOD) has been suggested. Since SOD activity is usually decreased in cancer cells, NT reduction would not be hampered in these cells. We tested this hypothesis by demonstrating NAD-dependent lactate dehydrogenase (LDH) activity instead of NADPdependent G6PDH activity in normal rat liver and colon, in human colon carcinoma, and in experimentally induced metastases of colon carcinoma in rat livers. Reactions for both enzymes were determined cytophotometrically in an atmosphere of pure oxygen or nitrogen. G6PDH acted as described previously, showing distinct activity in cancer cells but strongly reduced activity in normal cells after incubation in oxygen, but this was not the case with LDH because formazan was also generated in normal tissue in oxygen. It appeared that after 5 min of incubation at 37°C the residual activity of G6PDH in an atmosphere of oxygen compared with nitro-
Introduction
The histochemical demonstration of dehydrogenase activity depends on the reduction of a tetrazolium salt to a colored water-insoluble formazan. When oxygen is present in the incubation medium, there
This study was performed at the Department of Cell Biology and Histology, Academic Medical Center, University of Amsterdam, in conjunction with ERASMUS program (ICP-89-UK-0172/13). gen was 0% in normal liver tissue and 15% in normal colon epithelium, whereas in colon carcinoma and in colon carcinoma metastasis in liver it was 48% and 33%, respectively. The residual activity of LDH in oxygen was 30% in normal female rat liver, 75% in normal male rat liver, and 38% in normal colon epithelium, whereas the residual activity in colon carcinoma and metastases in liver was 54% and 24%, respectively. These experiments clearly indicate that the oxygen sensitivity phenomenon is not solely an effect of competition for reducing equivalents between NT and oxygen via SOD, because NADPH generated by G6PDH and NADH generated by LDH have a similar redox potential. Apparently the system is more complex. The role of specifically NADPH-converting cellular systems such as NADPH-cytochrome P450 reductase was excluded because incubations in the presence of exogenous NADPH as substrate for these systems r d e d oxygen sensitivity. Involvement of NADPHdependent lipid peroxidation in the oxygen sensitivity test is discussed. (JHistochem Cytochem 4213554363, 1994) KEY WORDS: Oxygen sensitivity: Superoxide dismutase; Lactate dehydrogenase; Glucose-6-phosphate dehydrogenase; Catalase; Human colon carcinoma; Rat liver; Colon carcinoma metastases; Neotetrazolium salt; Cytochemistry; Histopathology. is competition between oxygen and the tetrazolium salt for the electrons generated (Stoward and Pearse, 1991; Van Noorden and Butcher, 1989; Van Noorden, 1988; Butcher, 1978) . The competition of oxygen is stronger in the presence of superoxide dismutase (SOD), indicating that superoxide anions (02:) are involved (Stoward and Pearse, 1991; Best et al., 1990; Raap, 1983) . For teuazolium salts except for neotetrazolium (NT), the inhibitory effect of oxygen can be eliminated by increasing the tetrazolium concentration in the reaction medium (Van Noorden and Butcher, 1989; Van Noorden, 1988; Butcher, 1978) . The effect of oxygen on NT reduction occurs in normal tissue, but in cancer cells the oxygen competition is absent or significantly decreased when this tetrazolium salt is used to demonstrate glucose-6-phosphate dehydrogenase 1355 (G6PDH) activity ( Figure 1 ). Therefore, the use of the oxygensensitive NT for histochemical demonstration of G6PDH activity allowed not only distinguishing cancer cells from normal cells but also differentiation between benign and malignant tissues by incubating in an atmosphere of oxygen. Normal cells contain only small amounts of formazan or no formazan at all, whereas distinct amounts of formazan are produced in cancer cells (Butcher, 1979; Altman et al., 1970) . The test has been applied for detection of rat and human breast cancer (Barron et al., 1991; Smyth et al., 1987; Petersen et al., 1985) and of human adenocarcinoma of the colon (Best et al., 1990) and stomach (Ibrahim et al.. 1983) . I t was suggested by Best et al. (1990) that decreased SOD activity in cancer cells (Oberley and Buettner, 1979) was the underlying mechanism of the differentiation with this oxygen sensitivity test between normal and cancer cells. Oxygen sensitivity is defined as the percentage of the amount of formazan produced in oxygen compared with nitrogen after 5 min of incubation. When the percentage is <20% a tissue sample is defined as oxygen sensitive and when >20% it is defined as oxygen insensitive.
To test whether SOD was involved in the oxygen sensitivity (e.f) human colon carcinoma, as demonstrated histochemically with NT as tetrazolium salt in an atmosphere of nitrogen (a.c,e) or oxygen (b.d.f). In the presence of oxygen, final reaction product was formed in the metastases (M) and in colon carcinoma (arrowhead), but not in liver parenchyma (L), and in small amounts only in normal colon epithelium (arrow). Bars = 100 pm.
phenomenon, we compared histochemical reactions to visualize NADP-dependent GGPDH activity and the activity of LDH (an NAD-dependent dehydrogenase) with NT as tetrazolium salt in an atmosphere of nitrogen or oxygen in the presence or absence of specific SOD inhibitors and in the presence of exogenous SOD and/or catalase. When the concentration of SOD would be the cause of the oxygen sensitivity phenomenon, it would be independent of the source of electrons generated, be it NADPH or NADH, because both electrons have similar redox potentials (Seidler, 1991) . Furthermore, the role of cellular reductase systems such as NADPH-cytochrome c (P450) reductase and NAD( P)H dehydrogenase was investigated as well. Unfixed cryostat sections of normal male and female rat livers, normal male rat colon, male rat livers bearing colon carcinoma metastases, and human colon carcinoma were used.
Materials and Methods
Parental colon adenocarcinoma cells were induced in WAG-Rij rats (Marquet et al., 1984) by administration of 1.2-dimethylhydrazine. The tumor cells (CC531) were cultured at 37'C as monolayers in tissue culture flasks in Dulbecco's modification of Eagle's (DME) medium (ICN Biomedicals; Irvine Ayrshire, UK) enriched with 10% (v/v) fetal bovine serum, 2 mM glutamine, 100 IU penicillin/ml, and 100 pg streptomycin/ml. After treatment with 0.05% trypsin, a single cell suspension (1 x lo6 cells in 0.05 ml PBS) was injected using a 27G x 5/8 needle through a small midline incision into the portal vein of five male rats under sodium pentobarbital anesthesia (Jonges et al., 1993) . After approximately 4 weeks, the treated rats bearing metastases and three normal mature male and three female rats were sacrificed with an overdose of sodium pentobarbital and liver and colon tissues were removed immediately. Small fragments with a thickness up to 5 mm were immediately frozen in liquid nitrogen. Biopsies of human colon carcinoma were obtained as described before (Best et al., 1990) . The biopsies were unfixed and were frozen in liquid nitrogen immediately after removal. All biological materials were stored at -80°C until used. Serial sections 8 pm thick were cut on a motor-driven Bright cryostat at a cabinet temperature of -25'C. The sections were picked up onto clean glass slides and stored in the cryostat cabinet until used.
Incubation medium for the demonstration ofG6PDH activity (Van Noorden and Frederiks, 1992) contained 100 mM phosphate buffer (pH 7.45). 18% polyvinyl alcohol (PVA) (weight average M, 70,000-100.000) (Sigma; St Louis, MO), 10 mM glucose-6-phosphate (Boehringer; Mannheim, Germany), 0.8 mM NADP (Boehringer), 5 mM MgC12, 0.32 mM l-methoxyphenazine methosulfate (mPMS) (Serva; Heidelberg, Germany) or 0.67 mM thionine (Merck; Darmstadt, Germany), and 5 mM neotetrazolium (NT; Serva). Control reactions were performed in the absence of substrate and coenzyme, becaux this is the appropriate control reaction since all formazan formed in presence of the specific coenzyme is due to LDH and G6PDH activity converting endogenous substrates (Van Noorden and Vogels, 1989; Butcher and Van Noorden, 1985) .
Incubation medium for the demonstration of LDH activity (Van Noorden and Frederiks, 1992) contained 100 mM phosphate buffer (pH 7.45). 18% PVA, 150 mM sodium L-lactate (Serva), 3 mM NAD (Boehringer), 0.44 mM mPMS or 0.67 mM thionine, and 5 mM NT. The control reaction was performed in the absence of substrate and coenzyme.
In some cases, the following reagents were added to the incubation media separately or in combination: SOD (Sigma; from bovine liver, 4300 IUlmg; 0.3 mg/ml incubation medium), catalase (Sigma; from bovine liver, 1600 IU/mg; 0.1 mg/ml incubation medium), 10 mM sodium azide (Merck), 10 mM diethyldithiocarbonic acid (DDC; sodium salt; Sigma). DDC is a specific inhibitor of SOD (Kuroda. 1986 ).
Incubation media for the demonstration of NAD( P)H dehydrogenase activity (Straatsburg et al., 1989) contained 100 mM phosphate buffer (pH 7.45). 18% PVA, 5 mM NADH or NADPH (Boehringer), 5 mM NT, and 0.67 mM menadione (sodium salt; Sigma). The same incubation medium without menadione wu used for the detection of NADPH cytochrome c (P450) reductase activity (Van Noorden and Butcher, 1986) . Control reactions were performed in the absence of NADPH and NADH.
The G6PDH and LDH reactions were performed for 5 min. whereas the NAD(P)H dehydrogenase and the NADPH cytOduome c (P450) reductase reactions lasted for 10 min in a room maintained at 37'C.
PVA-containing incubation media (5 ml) were placed in a tonometer (also at 37°C) to equilibrate the viscous media with gas without the formation of gas bubbles (Butcher, 1978) and to saturate the media with the appropriate gas (either nitrogen or oxygen) at a flow rate of500-800 m h i n for a minimum of 10 min. This ensured complete saturation with either nitrogen or oxygen and at the same time mixing of all the reagents in the incubation medium. After incubation, the medium was rinsed from the sections in warm 100 mM phosphate buffer (pH 5.3; 56'C) to remove the medium and to stop the reaction immediately. Care was taken that rinsing of formazan from the sections (Butcher et al., 1980) did not occur.
Cytophotometric measurements were taken with a Vickers M85a scanning and integrating cytophotometer at 585 nm, the isosbestic wavelength for the formazans of NT (Butcher, 1972) . A mask size with a diameter of 95 pm and an effective area of 7090 pm2, a x 6.3 objective (NA 0.50), a scanning spot with a diameter of 3.2 pm, and a band setting of 65 was used to measure the amount of formazan produced in sections. A mask size with a diameter of 15 pm and an effective area of 177 pm2 and a x 16 objective (NA 0.05) was used for the cytophotometric measurements in normal colon epithelium and in colon carcinoma cells. For each analysis, five measurements were taken from each of three consecutive sections of the female and male control rat livers, control rat colon, human colon carcinoma biopsy specimens, and male rat livers containing colon carcinoma metastases. All integrated absorbance values of both test and control reactions were taken for each liver and colon biopsy and control values were subtracted from the test values. These specific test minus control values were converted to pmoles substrate consumed per cm-3 of tissue per min (Clmoles substrate.min-' tissue) according to Van Noorden and Frederiks (1992) . The residual activity in oxygen was calculated as a percentage of the enzyme activity in oxygen in comparison with the activity in nitrogen, which was taken as 100%. We considered cells to be normal (oxygen-sensitive) when they showed a residual G6PDH activity in oxygen of <20% and malignant (oxygen-insensitive) when they showed a residual activity in oxygen to be >30% (Ibrahim et al., 1983) .
Results
Distribution patterns of GGPDH and LDH activity in sections of rat livers containing colon adenocarcinoma metastases, normal rat colon tissue, and human colon carcinoma, as detected in an atmosphere of nitrogen or oxygen, are shown in Figures 1 and 2. In all cases, the control ("nothing dehydrogenase") reaction in the absence of substrate and coenzyme was negative. Table 1 presents a summary of the activity of both enzymes in situ, as determined after 5-min incubation in the presence of nitrogen or oxygen. The residual GGPDH and LDH activity in oxygen in livers containing colon carcinoma metastases and in colon tissue is shown in the histogram of Figure 3 . The oxygen sensitivity is expressed in terms of residual enzyme activity in oxygen with respect to the activity found in nitrogen. 
Glucose-6-phosphate Dehydrogenase
Heterogeneous distribution patterns of GGPDH activity in male rat liver (somewhat higher in periportal than in pericentral areas of the liver lobulus) and in female rat liver (twice as high in pericentral as in periportal areas) were observed after 5 min of incubation in media saturated with nitrogen. No formazan production was found in the presence of oxygen in either male or female livers (Table l). Heterogeneous distribution patterns of GGPDH activity were also found in normal colon epithelium after 5-min incubation in nitrogen (Figure 1) . Cells with highest activity were selected for measurements.
At the end ofthe incubation, 0%. 33%. and 5% residual activity was detected in normal liver tissues, in metastases, and in the liver parenchyma surrounding the metastases, whereas 48% and 15% residual activity was detected in colon carcinoma and in normal colon epithelium, respectively (Figures 1 and 3) .
The addition of azide (an inhibitor of the respiratory chain) GGPDH % nl m nc cc nl LDH m nc cc Figure 3 . GGPDH and LDH activity as detected histochemically in an atmosphere of nitrogen or oxygen in liver parenchyma (nl), normal colon epithelium (nc), colon carcinoma (cc), and colon carcinoma metastases (m). Activity in nitrogen is taken as 100% and activity in oxygen is expressed as percentage of the activity in nitrogen (residual activity). Residual activityof <20% was considered to be normal and of >30% to be an indication for malignancy.
increased the residual activity in oxygen both in normal liver and in colon carcinoma metastases, as shown in Figure 4 .
No residual activity was present in normal liver tissue when DDC (an inhibitor of SOD) or SOD and/or catalase were added to the incubation medium. In colon carcinoma metastases, a slight increase in formazan production was found when SOD was inhibited, whereas a progressive decrease in formazan production was observed after addition of SOD, catalase, and a combination of both enzymes, respectively ( Figure 4 . GGPDH and LDH activity as detected histochemically in an atmosphere of nitrogen or oxygen in the presence or absence of azide, in liver parenchyma (nl), and colon carcinoma metastases (m). Activity in nitrogen is taken as 100% and activity in oxygen is expressed as percentage of the activity in nitrogen (residual activity). Residual activity of <20% was considered to be normal and of >30% to be an indication of malignancy.
Lactate Dehydrogenase
LDH activity did not show heterogeneous distribution patterns in lobuli of both male and female rat livers (Table 1) . Small but significant differences of approximately 25 % were found between the LDH activity in male and female livers: a higher activity was found in females. Surprisingly, LDH activity in female rat livers showed a'higher sensitivity to oxygen than in male rat livers (Table 1 ). The Table 1 . GGPDH and LDH activity as detected cytophotometncal'l'y with NT as tetrazol'ium salt in an atmosphere of nitrogen (N2) or oxygen (02) residual activity in oxygen was 30% and 75% in female and male livers, respectively ( Table 1) .
In liver tissue surrounding metastases, the reactions of LDH in a medium saturated by either nitrogen or oxygen showed a similar behavior as in normal livers, with a 72% residual activity in an oxygen atmosphere (Figure 3) . The LDH reaction in colon carcinoma metastases was low in comparison with liver tissue (Figure 2) . A residual LDH activity of 24% was found after 5-min incubation in oxygen (Eble 1 and Figure 3) . In normal colon epithelium, a heterogeneous distribution pattern of LDH activity was observed along the villi after incubation in a medium saturated with nitrogen (Figure 2) . The residual LDH activity in oxygen was 38Oh and 54% in normal colon epithelium and in colon carcinoma, respectively (Table 1 and Figure 3) .
When azide was added to the incubation medium the residual activity was increased only in normal liver tissue (Figure 4) .
Residual activity of <20% was present in liver parenchyma in oxygen when DDC, SOD, and catalase were added separately or in combination to the incubation medium. In the presence of catalase and of SOD in combination with catalase the residual activity in colon carcinoma metastases was higher than in the presence of SOD alone and lower than in the presence of DDC (Figure 5 ).
NAD(P)H Dehydrogenase and NADPH Cytochrome P 4 1 0 Reductase
Incubation in the presence of exogenous NADH revealed no oxygen sensitivity for NAD(P)H dehydrogenase in both normal liver and in colon carcinoma metastases, whereas incubation in the presence of exogenous NADPH revealed oxygen sensitivity for NADPH dehydrogenase only in normal tissue ( Figure 6 ). NADPH cytochrome P410 reductase showed oxygen sensitivity both in normal liver and in colon carcinoma metastases, with a residual activity of 12% and 19%, respectively ( Figure 6 ).
Discussion
The oxygen sensitivity test based on the histochemical detection of G6PDH activity with NT as tetrazolium salt appeared to be useful to distinguish (pre)malignant cells from normal cells. Ibrahim et al. (1983) and Best et al. (1990) showed that non-malignant and/or inflammatory cases, such as gastric ulcers, gastritis and ulcerative colitis, react like normal tissue. Although the reason for this discrimination between normal and (pre)malignant cells is still not clear, there is evidence that oxygen radicals are involved. Best et al. (1990) reported that when exogenous SOD was added to the incubation medium, malignant cells started to behave as normal cells with respect to the oxygen effect. No formazan was generated in malignant cells in the presence of oxygen and SOD. Because SOD levels are low in many types of cancer cells (Halliwell and Gutteridge, 1985; Oberley and Buettner, 1979; Dionisi et al., 1975) , it was suggested that low levels of SOD in malignant cells are the explanation for the oxygen insensitivity of cancer cells (Best et al., 1990) . This conclusion was made on the basis of the following theory. During the histochemical reaction, the reducing equivalents derived from NAD(P)H are transferred via mPMS to NT. NT is reduced first to NT-H. (neotetrazolinyl radical) and then to NT-H2 (formazan) by a stepwise electron uptake (Seidler, 1991) . When oxygen is ptesent, NT-H. can generate oxygen radicals (05). The consequence is no production of formazan. In normal tissue, oxygen radicals are converted rapidly into H202 and oxygen by SOD. In cancer cells this reaction would not occur because of low levels of SOD.
To test this hypothesis further, we decided to compare the histochemical methods to detect G6PDH and LDH activities in the presence or absence of SOD, catalase, and an inhibitor of SOD (diethyldithiocarbonic acid DDC) using serial sections and the same experimental conditions. An NAD-dependent dehydrogenase (LDH) instead of NADP-dependent G6PDH would have to show similar results because the hypothesis was based on the fact that oxygen sensitivity or insensitivity depends on the last step of the electron transfer. We found that the results obtained with the histochemical detection of LDH activity were essentially different from those obtained with the G P D H reaction. Residual LDH activity was present in both normal and malignant cells after 5-min incubation in a medium saturated by oxygen (lible 1 ; Figures 2 and 3) , even in the presence of SOD and catalase ( Figure 5) . Therefore, when an enzyme is used that produces NADH instead of NADPH the reaction is not sensitive to oxygen in a similar way. This phenomenon could not be explained by the number of molecules of NAD(P)H being produced. In female livers, where the LDH activity is higher than in male livers (lible I), only 30% residual activity was found in the presence of oxygen, whereas in male livers 72% residual activity was present. We do not yet have an explanation for the sexual difference in residual activity in control livers.
Furthermore, 33% residual activity of GGPDH was detected in metastases and 0-5% in liver parenchyma, despite the fact that in metastases the mean GGPDH activity was lower than in the surrounding liver tissue (lible 1). The oxygen sensitivity of the G6PDH reaction in normal tissue is also not dependent on the type of tissue, as it has been demonstrated in normal cells of various.origins. Moreover, the difference observed in the oxygen sensitivity between GGPDH and LDH activity is not dependent on the absence of an inhibitor during the reaction, as demonstrated by the fact that addition of azide to the incubation medium increased the amount of residual activity in oxygen for both enzymes in normal and malignant tissue. Therefore, the present data show that the oxygen sensitivity is related to the generation of NADPH rather than NADH, as revealed by the fact that only the NADP-dependent G6PDH was affected by oxygen. When NADH was used as substrate for reductases, oxygen sensitivity could not be found. When NADPH was used as substrate for reductases, oxygen sensitivity could be detected only in normal liver but not in the metastases, whereas when NADPH was used as substrate for cytochrome P450 reductase, oxygen sensitivity was found both in normal and in malignant tissue (Figure 6) . These data indicate that oxygen insensitivity detected in malignant cells for G6PDH is not due to the enzyme NADPHqtochrome P450 reductase. This is in agreement with the findings that NADPH-cytochrome P450 reductase activity is decreased in tumor cells (Farber, 1984; Eriksson et al., 1983) . Therefore, it is concluded that the oxygen sensitivity is based on different effects of oxygen on G6PDH itself in normal cells and cancer cells.
It has been pointed out by Ibrahim et al. (1983) that the oxygen (in)sensitivity may be analogous to that found in electron spinresonance studies in which benign tissues exposed to oxygen produced free radicals, whereas malignant tissue did not (Slater and Crook, 1970) . Therefore, the reaction that may well be involved in the oxygen (in)sensitivity phenomenon is lipid peroxidation. During the reaction performed in the presence of oxygen, superoxide radicals are formed (Van Noorden and Butcher, 1989) , and these radicals are known to be involved in the initiation of lipid peroxidation reactions (Cheeseman et al., 1984) . Kanazawa and Ashida (1991) have demonstrated that GGPDH can be inactivated very easily by products of lipid peroxidation, in contrast to other enzymes such as LDH. In tumor cells and also in normal intestinal epithelium lipid peroxidation products are low (Bernheim, 1963) , so the possibility for inactivation of GGPDH in these cells is reduced. This would explain, on the one hand, a different percentage of residual GGPDH activity found in oxygen between normal liver and normal colon epithelial cells (0-5% vs 15%; Table 1 ) and, on the other hand, the high percentage of residual activity in tumor cells where the GGPDH is less affected because lipid peroxidation is decreased. This would also explain the absence of residual GGPDH activity in normal liver tissue in the presence of DDC, probably related to an accumulation of superoxide radicals as a consequence of the inhibition of SOD, whereas we would expect an enhancement of the residual activity in normal tissue if the oxygen sensitivity phenomenon were based only on involvement of SOD. Furthermore, H202 formed during dismutation of 0; can lead to oxidative modification of the GGPDH molecule (Szweda and Stadtman, 1993) , with consequent inactivation of the enzyme. This effect could be more relevant in normal cells than in cancer cells, because in the latter cells the production of H202 is decreased (Dionisi et al., 1975) .
In conclusion, we suggest that a complex system involving SOD and lipid peroxidation causes the oxygen (in)sensitivity phenomenon when GGPDH activity is detected histochemically, rather than cellular SOD levels alone.
